In the sixteenth century, the Erzgebirge mountains were mined for mineral ores of cobalt and antimony that were used to make the blue pigment smalt, a potash glass, and yellow pigments based on lead-antimony oxides, respectively. By the beginning of the seventeenth century, these pigments had found a permanent place on the easel painter's palette, smalt used in place of ultramarine and the antimonial compounds enlivening the yellows of the spectrum. Mining efforts also located sources for naphtha, and improvements in distillation would have allowed it (and other solvents) to be fractioned and purified for use as a solvent and diluent for oil paint. The mention of naphtha in treatises and color-sellers' inventories attests to its use in color making. Thinning paint allowed artists to use glazes of paint to lively, luminous, coloristic effect and made blending easier. These three discoveries contributed to the saturated colors characteristic of seventeenth-century painting and offered artists latitude in the ways they pursued their goal of imitative painting.
Introduction
In their search for mimesis, artists combined technical prowess with a keen sensitivity to hue and light, engaging acute powers of observation to discern the colors of shadows thrown on diverse surfaces, the difference between the luster of velvet and taffeta, or the quality of a gleam of light reflected from a mirror or from armor. The ability to paint such subtle differences in appearance was admired by many sixteenth-and seventeenth-century writers, who were not only critics but also described painting materials. Such writers included Gian Paolo Lomazzo (1538-1592), the Tuscans Giorgio Vasari (1511-1574) and Raffaello Borghini (1537-1588), and the Huguenot physician, Théodore Turquet de Mayerne (1573-1654/5).1 A heightened sensitivity to color was present in society in general. Attention to color was important not only in art, but as Valentina Pugliano describes in this volume, was a crucial part of identification and characterization for the scientific and medical disciplines and other areas of erudition.2
Painters worked within this world of color using a wide array of materials. At the turn of the sixteenth century, new sources of raw materials and production led to the manufacture of vast amounts of blue and yellow pigments that augmented their palette. Such addition of colors followed the mining discoveries that occurred in present-day Germany, Austria and Hungary. These contributed to the world of color-making, providing new materials for glass-making, ceramic decoration and painters' pigments. Full exploitation of the potential of the oil medium to give impasted paint or translucent glazes was aided by production of solvents and diluents which became more available due to improvements in distillation of natural resins and increased mining for petroleum. Concurrent developments of theories of color liberated practice to be the artists' guide and influence their ways of working.3 In this chapter I will focus on cobalt, antimony and naphtha as three case studies that illustrate the impact that mining and technological discoveries had on painters' materials and methods. 
The Materiality of Color
Written descriptions of artists' materials and practice give only parts of the picture. Sources may include colors and prices, but are often imprecise in terminology and silent on the manner of use.4 Inventories of color-sellers stores are helpful in judging the range available at a specific time and place but only seldom identify who used the supplies or how they were employed.5 Treatises written for painters describe the core palette, and often include some information on how to prepare supports and use pigments, but often they only allude to practice and technique. Trade accounts and bills of lading attest to the worldwide trade in precious materials for art-making, such as colors and resins that were imported from afar, but the local, the quotidian and the secret are more difficult to learn about, though equally important.6 Although the guild structure would appear to have inhibited artistic exploration through regulations and requirements for workshop output, even the strictest rules did not, in the end, inhibit the use of novel materials.7 Personal style and individuality flourished and paved a path for others to follow and actual practicedemonstrated by close observation and chemical analysis -was diverse and even idiosyncratic.8 The ways paint and color were handled showed even greater variety. Oil painting allowed colors to be mixed on the canvas and blended while wet, so artists could use gentle gradations in tone to create chiaroscuro and the effect of sfumato. Translucent paints could be prepared, and colors adjusted using thin glazes or 'veils' of color to build rich tones and subtle shading. In the sixteenth century, artists explored and exploited the full potential for creating color and texture through the use of different pigments and brushwork, employing impasted strokes and scumbles of opaque color in addition to glazes.9 Even the most adventurous artists were, however, limited by what was available to them. Thus our knowledge of trade in materials, practice and innovation in color-making provides an underlying context for the interpretation of novelty in painting practice. Almost all of the materials used for painting, whether natural or synthetic, required some kind of processing from the raw state; methods for preparing certain colorants involved many steps, which cumulatively contributed to their cost. The rarity and expense of some meant that the production of certain colors was limited in scale and their use was restricted to special decorative purposes. Some were employed for medicines and luxury items such as perfumes and cosmetics, while others could only be differentiated from painters' colors based on the scale of production and in particular the purity of the product.10
Newly developed means of sourcing minerals provided abundant supplies of certain elements necessary to the color-making process. Mining and the production of particular metals in combination with technological advances in manufacturing opened opportunities to add new colorants and thereby improved paint-making. Two pigments, smalt and Naples yellow, coming to painters via the ceramic and glass industries, became established on oil 
Blue Colors
From early times mineral pigments offered a variety of blue colors to painters; of these azurite and ultramarine dominated the early modern artists' palettes.12 Ultramarine provided a deep true blue, often with a violet undertone that was much admired. Lapis lazuli, the stone from which ultramarine was prepared, was transported from Badakhshan (today Afghanistan) to Constantinople (Istanbul, Turkey) and Persia, from where we can trace its exportation to the great trade centers of Venice, Genoa and Antwerp. The stone was worked up through a laborious system of grinding, washing and levigating that involved forming pastes using resins and waxes that contributed to its high cost.13 The scale of manuscript illumination offered an ideal medium for using luxury materials and miniaturists in far-flung parts of Europe had used ultramarine for a very long time.14 However its discovery in eighth-century frescoes was less expected.15 In medieval painting its use flourished and contributed to the glory of works commissioned for religious institutions. The situation changed in the early 1500s with the invention (or more correctly, the re-invention) of smalt. Just when silver mines were becoming more difficult to exploit and less profitable, further economic pressure came as vast quantities of silver were discovered in the New World and imported into Europe, especially through Spain. Canny mine operators and owners therefore began to exploit their mines for rarer metal ores and minerals that could be used by the color industry. The Erzgebirge (Ore Mountains) contains a large variety of such minerals. Relatively minor deposits of certain blue and purplish-blue minerals were found in the Tyrolean mountains, including blue john (a form of fluorite, calcium fluoride) and vivianite (iron phosphate). These minerals have been discovered in paintings, and no doubt others were also used especially when local sources were available.18 Oltrogge in this volume notes that Agricola specifically comments on painters using fluorite, since it did not have any other important uses.19 The use of fluorite and other 16 For a 1583 panel painting, more than twenty percent of the total cost (excluding the wood) was for blue pigments alone: see Susanne Kubersky-Piredda, "The Market uncommon minerals for pigments seems to have been confined to regions near to these minerals' sources, suggesting they were not widely traded.20 The history of these minerals as pigments is quite scant compared to that of smalt, which became widely used.
Cobalt Mining and Smalt
Cobalt has been used for millennia to make blue glass.21 The substance has a long history of use in enamels and pottery glazes. The pigment, whether used for easel painting, decorating ceramics or coloring glass, was not prepared directly from the ore but from an intermediate product generally known as zaffre. In Italian sources this product is cited under variants of names such as zafera, zaffera or zafra and chafarone.26 To make zaffre, cobalt ores, which in the Erzgebirge are predominantly cobalt-nickelbismuth arsenides, were roasted (Fig. 1) .27 Volatile components in the ore, particularly arsenic or zinc, might be burnt off to varying degrees depending on the temperatures used in the process. While this product was sold under the name zaffre, the roasted ore was also mixed with sand and a flux, usually one containing potassium (pearl ash or potash) obtained from lees or tartar, to make a fusible mass which was also known as zaffre. Vannoccio Biringuccio (1480-ca. 1539) described zaffre as among the "semiminerals" or "half metals" due to its reaction to heat and the difficulty of extracting a metal from it.28 Smalts in general were described by Leonardo Fioravanti (1517-1583) as "mezzo minerali" (half minerals).29 This zaffre was used to color glass, enamels and to make smalt. Glass needs only 0.1-2% cobalt to be decidedly blue, but on grind- becoming rich from the export of great quantities of zaffre to Venice was retold many times.32 And indeed, the item called "zafara" appears in a rather large amount on the 1534 inventory of the stores of a Venetian color-seller.33 Schürer, a glassmaker at Platten, obtained "cobalt" at Schneeberg, and serendipitously discovered he could use it to make a blue frit.34 He prepared this frit specifically for potters, but eventually the invention was taken to Neudeck and Holland where since "painting on glass was then much cultivated in the latter, the artists knew better how to appreciate this invention."35 Evidence for a change in cobalt blue production comes from the analyses of ceramics. The trace metal profile in the blue glazes on della Robbia sculptures and enamel glazes in pottery corroborates the anectodal evidence for a change in the source or in the technology for making the cobalt-containing colorant. After 1520, the date given in anecdotal evidence, the minor or trace metals in the blue glaze in sculptures from the della Robbia workshop in Florence include nickel, arsenic and bismuth, which is consistent with use of raw material from veins of ore located near Schneeberg, Germany. Although it is likely that this had been the source prior to that time as well, the amounts of nickel and arsenic impurities did increase.36 Analogous trends in the levels of impurities have been observed in Italian maiolica, in which arsenic was rarely detected in pieces made before the sixteenth century but is measurably present after then.37 Zucchiatti et al. propose that the change in composition was due to a change in the technology for production of the raw material, perhaps the processes of sorting the mineral ores, namely choosing those highest in cobalt, or a change in the way they were roasted.38 Analysis of Spanish ceramic ware also indicates there was a change in composition at this time, suggesting the source for the raw material for blue glazes in the Iberian peninsula was a new product, presumably also from mines near Schneeberg.39
The change in composition of cobalt blue glazes that occurred around 1517-1540 coincided with the commodification of zaffre on a very large scale throughout Europe. It is also at this moment that many artists began to use smalt in their works as a replacement for ultramarine and azurite. One reason to choose smalt over ultramarine was cost. In the majority of the early occurrences, smalt was used as a glaze over azurite, the way ultramarine was employed, which suggests that artists were using it as a substitute for ultramarine due to its similar color. The Italian artist Girolamo Romanino (ca. 1485-ca. 1566) must have been choosing smalt for its color when he layered it over azurite in The Nativity, around 1524.40 Successful painters, such as Nicholas Hilliard (ca. 1547-1619), who could afford it, often preferred ultramarine. But for Hilliard, price alone was not the determinant: Leonhard's discussion of his approach to color offers many hints to his pigment choices; for gems Hilliard favored pureness of color, hardness and transparency, the qualities of the best grades of ultramarine. The intensity of color of the pigment was related to the amount of cobalt and also to the particle size.44 Early inventories noted only either smalto claro (chiaro) or smalto scuro (light or dark smalt); later, ways of grading smalt according to the depth of hue and an assessment of how finely it had been ground indicate the wide variation in the pigment quality.45 The coarsest smalt was the deepest colored, and prized for that, but no smalts were easy to use. They made a paint that was difficult to spread under the brush, and oil dulled the color, an effect most pronounced for the smalt with the largest particles. For this reason, artists developed a way to use smalt that did not rely on making a traditional paint. To preserve the deep and luminous color of the sparkling smalt they painted a thick layer of lead white onto a surface, and before it was dry they sprinkled the coarse particles of smalt over it, giving a highly colored, glittering surface. This practice was reflected in the name given to this grade of the pigment, "strew blue" or "streu blau."46 Varnishing smalt could cause the same kind of sinking in of the color, and this must be why the artist Giovanni Angelo Canini (1609-1666) told Symonds that blues ought never be varnished.47
Beckmann's assertion that the Dutch appreciated the invention of zaffre is borne out by their constructing many glasshouses by the late sixteenth century.48 It was estimated that 3,000 tons of zaffre were exported from Schneeberg, much of it going to Holland; Schürer sold it at seven and a half thalers a hundredweight. In the first half of the sixteenth century smalt was sold in Holland for fifty or sixty guilders.49 Blue tiles and Delftware dominated the aesthetic of 44 As Dutch potters. Dutch smalt became broadly exported50 and some sorts were highly regarded.51 Many Dutch painters too enjoyed that blue color (Fig. 2) . Rembrandt van Rijn (1606-1669) hardly used ultramarine, and azurite is found mainly in his earlier paintings in underlayers. Comprehensive studies have shown that smalt was the artist's choice.52 Smalt was used extensively in Spain during the seventeenth century. The product from one manufacturer in Holland, "Master Bernard," was much preferred and artists were willing to pay more for it because of its color.53 This information indicates the variability possible in making the colorant and artists' desire for specific qualities, as well as to how the Dutch mediated transfer of the material. The Spaniards began to re-export smalt (of various sorts, it seems) quite early on to the New World, as the words "esmaltes para pintores" on a bill of lading from 1592 attest.54
Although smalt is a glass, it is not particularly stable, since its formula does not contain stabilizing ions such as calcium, lead or barium. Our appreciation of the wide range of uses of smalt is hindered by its having deteriorated over time. backgrounds and curtains in his paintings are now dingy looking, but must once have been quite blue.57 Smalt and blue glass are chemically almost identical, differing in the proportion of cobalt. The glass was widely used for vessels, and in enamels and pottery glazes in the Middle Ages to provide a deep, true blue, but in contrast it was only sporadically used as a painter's pigment before 1500; however, it was used frequently in easel paintings from then on until the eighteenth century. 58 The change in usage appears to be related to a change in the manufacturing process of the intermediate material zaffre used in the production of the color. This modification is suggested by a change in the profile of trace elements in blue glazes. Smalt was produced in large quantities and various grades which offered a handy and affordable alternative to ultramarine. It was ubiquitous by the beginning of the seventeenth century, occurring in paintings and architectural finishes, where it was even used for painting fictive lapis lazuli (Fig. 3) .59 Smalt provided the desirable color of natural ultramarine at a fraction of the cost, and despite its difficult handling properties was widely adopted in the sixteenth century.
Yellow and Orange
Orange paint was conveniently made by mixing red and yellow pigments, though the color is not commonly seen before the sixteenth century. Red lead (minium) has a hot orange-red color and the arsenical sulfides orpiment and realgar provided deep yellow and reddish-orange colors. They were highly unpleasant to use -being both toxic and foul smelling when ground. Despite these disadvantages, regarding the famed color of the cinquecento Venetian artists, Lomazzo declared that "burnt orpiment is the alchemy of the Venetians," and indeed a warm orange color is a hallmark of their painting.60 Lead tin yellow was a reliable and clear-toned pigment, but the addition of antimony to the recipes offered a wide choice of deeper-hued pigments which filled a gap in the artists' palette.
Antimony, Naples Yellow and Lead Tin Antimony Yellow
Antimony had been used as an opacifier and to make yellow glass in Ancient Egypt and has been found in pottery glazes from as far back as 1300 BCE. 61 It was used in Roman times until the fourth century CE when either major sources became unavailable or the art of working antimony up to make a colorant was forgotten, and manufacturing of lead antimony oxides was not under- taken to any significant degree during the next millenium.62 At the beginning of the seventeenth century, the pigment Naples yellow, lead antimony oxide, can be found in painters' works.63 Earlier than that, however, ceramic painters employed a glassy version of the colorant for their craft. Around 1485 a fundamental change in the technology and aesthetics of ceramic decorating occurred, allowing the development of intricately painted istoriato pottery.64 Due to the development of new enamels that fused but did not melt and flow in the kiln, artists could paint crisp, detailed compositions on white-glazed ware. A low-temperature melting glaze called a coperta could be sprinkled on the painted image and the object then fired only once to give a piece with a detailed image with a glossy surface. Low-flow white, yellow, orange and black colors contributed to the development of the new art form.65 Vibrant yellows and oranges often dominated the pictorial designs, but their source was not arsenic (Fig. 4) . The white, yellow and orange pigments are glassy frits, enamels, or glasses opaquely colored by submillimeter crystallites of binary and ternary oxides of lead, tin and/or antimony suspended in lead -and calcium -rich siliceous matrices. Cipriano Piccolpasso (1524-1579) noted these yellows in a compendium of recipes used in Gubbio, Castel Durante, Siena and Deruta, which he assembled in the middle of the sixteenth century.66 He recorded recipes used in central Italy that included antimony for making yellow and green glazes. 67 The lively palette of yellows and oranges on maiolica demonstrates the broad range of intense yellow hues that could be produced by adjusting the proportions of tin, antimony, iron and zinc in recipes. colors in the same way as easel painters used their paints.69 What is interesting about these pigments is that they did not change color in the furnace, so tonal work as well as fineness of line survived the firing process.70 These recipes for yellow pigments are the first to use antimony that we know of in the early 69 The designs were painted after drawings using fine brushes in a painterly manner. 'Art' and 'craft' were linked since easel painters sometimes provided designs for istoriato ware. For example, Dosso Dossi, a court painter for Alfonso I d'Este, Duke of Ferrara, was paid for designs for plates. Giuseppe Campori, "Notizie storiche e artistiche della maiolica e della porcellana di Ferrara nei secoli VV e XVI," Seccaroni, Giallorino, 93-165. These names might refer to lead tin yellow, lead antimony yellow or lead tin antimony yellow since the manufacture was so variable. They include "giallo di Fiandra," "giallo in vetro," "giallo di fornace," "giallo di Alemania," etc.
Early Science and Medicine 20 (2015) 308-334 of ore or the disruption of trade. Lead tin oxide, free from any silicon, had been the predominant light yellow augmenting the range of hue obtained from yellow iron earths.79 Shortly after 1500, rich deep yellows based on siliceous oxides of antimony, lead, tin and/or antimony reappear on painters' palettes in very small amounts, only a few years after their prolific use on pottery began. Analysis of yellow pigments in paintings has revealed the re-emergence of the use of yellow lead-tin glasses (lead tin yellow type II) for easel painting occurred in Venice in the mid-1500s.80 But before then, a few artists had already borrowed colors from the potters. The materials would have been hard to grind, but the variety of colors must have been alluring. The painter Lorenzo Lotto (ca. 1480-1556/7) kept a ledger of his expenses related to his art making, and this included pigments he purchased. One that has been of great interest is "zalolin da vasari" which he bought at Venice in 1541.81 Since Piccolpasso gave many recipes for yellow glazes, we cannot be sure of the breadth of colors available at the color-seller's shop;82 but we do know from analysis that Lotto used a small portion of a siliceous lead-antimony compound in the amber yellow robe worn by Joseph in his painting, The Nativity, which is dated to 1523 (Fig. 5) . 83 Seccaroni gives some other examples of antimonial yellows in early cinquecento paintings and frescoes. 84 The Venetian painter Giovanni Bellini (ca. 1430-1516) had a long career that spanned the change in painting in tempera to painting in oil. Analysis of his methods and materials offers a vivid example of an artist changing and adapting. He was among the first Italians we know of to use smalt in oil paint- a remarkable use of mixing complementary colors to adjust hue.88 It is innovative, rare and indicative of Bellini's sensitivity to color. There was no stable orange on the traditional, typical palette that could have been safely used in combination with the copper carbonate mineral azurite. Perhaps a dye could have offered an orange-yellow, but such dyes fade rapidly. Realgar and orpiment, which Bellini used in this picture to paint Silenus' orange tunic, were known to react with the copper compounds.89 Red lead was known to darken in certain mixtures. 90 The pigment Bellini decided on is a siliceous material and certainly related to the colors for decorating glass and ceramics. Bellini's and Lotto's antimonial yellows are not the classic Naples yellow of later times, but early uses of "potter's yellow," of which there were many variants, for painting in oil. 91 The bright and deep-hued yellows that we find in paintings from this time were not invented for the 'figurer' or easel painter; they were for the artisans who decorated ceramics and for glass-makers who used concentrated colors to make stained glass and false gems. The amount of material used by potters was considerable, but the adoption of the yellow to the artists' palette was slow in comparison. Sometime in the early seventeenth century, the nature of the antimony-containing product changed and the glassy constituent was not present. This indicates another moment in the development of the color, but its invention is unknown, though Wainwright et al. wondered if it occurred in Naples.92
Early Science and Medicine 20 (2015) 308-334 also benefitted the lucrative perfume industry. 103 The purification and production of light fractions of native mineral oil would also have helped artists who liked to spread their paints thinly. The innovative achievements of sixteenthand seventeenth-century artists is due not only to their expanded palette but also to their exploration of ways to handle paint. Many writers talk of blending colors, but the stiffness of some colors of oil paint would make this difficult. Lorenzo Lotto, who painted with thin glazing layers of red paint purchased materials for varnish making, including olio di sasso. 104 We know from written descriptions and the evidence from fingerprints that artists of this time manipulated the paint with their fingers, and we can tell from the thinness of layers of oil paint that it must have been extended with a diluent.105 Spirits of turpentine, prepared by distilling resins, would have performed this service. Since mineral oil or naphtha is mentioned more frequently in texts and we know that efforts for mining it increased in the sixteenth and seventeenth centuries, we must assume artists used it as well.
